INTRODUCTION
After a tooth receives endodontic treatment, the presence of a permanent coronal restoration to protect the tooth and root canal system from coronal leakage and reinfection helps to ensure a successful endodontic outcome. The begging question is: what type of coronal restoration? In cases involving severe damage or complete loss of the coronal structure, a post is usually inserted in the root canal. The post has twofold functions: to provide intracanal retention of the core and crown restoration and to distribute functional loading over a larger area of the remaining root structure to achieve a biomechanically favorable stress distribution in endodontically treated tooth 1, 2) . There are two types of post and core systems: prefabricated posts versus cast metal posts. Prefabricated posts are fast, cheap, and easy to use, but they do not take into account the individual shape of the root canal and their adaptation is not always ideal 3) . A cast metal post, obtained on the basis of a mold taken from the root cavity, usually fits the root cavity in the most adequate way since it can exactly follow its shape 4) . Several researches using in vitro and in vivo tests have been carried out to determine which type of post and core system could achieve optimal success in terms of reduced stress concentration in endodontically treated tooth, and hence reduced risk of root and post fractures. However, these studies are difficult and time-consuming with many clinical variables to control, consequently yielding inconclusive and occasionally contradictory results 5, 6) . The combination of diverse materials and complex geometry makes stress distribution analysis in teeth very complicated. The finite element method (FEM) is a numerical method which has been successfully used to investigate the mechanical behaviors of geometrically complex structures, such as biological structures which are difficult to be measured in vivo [7] [8] [9] . In FEM, the structure to be tested is divided into a finite number of elements which are connected to each other by nodes. Variables of interest are then approximated using mathematical functions.
FEM has been widely applied in dentistry for stress analysis of dental structures. To date, three-dimensional (3D) finite element models have been employed for anterior monoradicular teeth with a simple geometry. However, few research works have used FEM to study posterior teeth restored with post-core crowns, such as analyzing the influences of binding material, loading direction, number, length, and material of posts on stress magnitude and distribution in maxillary molar restored with post-core crown 10) . Today, diverse materials and methods are available for endodontic treatment of teeth without crowns. Since different levels of stress may be transferred to the remaining root of an endodontically treated tooth depending on the materials and technique used 11) , the type of coronal restoration as well as the material and type of post play a large role in reducing the risk of root fractures. Therefore, FEM was used in this study to investigate stress distribution in an endodontically treated mandibular molar tooth restored with post-core crown, with a focus on evaluating the effects of crown material, post material, and post geometry (shape and diameter of prefabricated post) on stress distribution.
MATERIALS AND METHODS

3D model generation
To generate accurate 3D computer models of intact and restored molar teeth, an extracted intact mandibular second molar tooth was embedded in a cylindrical acrylic A three-dimensional finite element analysis of the effects of restorative materials and post geometry on stress distribution in mandibular molar tooth restored with post-core crown resin mold of 25 mm diameter and 22 mm length. From the occlusal surface to the root apex, a total of 36 sections/ slices of resin-embedded molar tooth were obtained using an electropolishing machine. Due to the complex geometrical characteristics of the occlusal surface, thinner sections/slice of the occlusal area were obtained. Figure 1 summarizes the steps taken to produce the 3D models of enamel, dentin, and pulp. 12-megapixel images of the resin-embedded molar tooth sections/slices were loaded into a computer-aided design (CAD) software (SolidWorks, SolidWorks Corp., Concord, MA, USA). By fitting profiles through a lofting algorithm in the software and by subtracting the volumes of dentin and pulp from the volumes of enamel and dentin respectively, complete 3D solid models of enamel, dentin, and pulp were generated. By assembling these components, a complete 3D model of an intact tooth was created (Fig. 2) , which was fully compatible with the finite element analysis software (COSMOS/Works, Structural Research and Analysis Corp., Los Angeles, CA, USA) used in this study.
The periodontal ligament (PDL) is a soft biological tissue that provides a firm bed for the tooth in the alveolar bone. It is a highly specialized connective tissue that surrounds the tooth root and connects it to the alveolar bone. It is also the most deformable tissue in the periodontal system, allowing for tooth movements under functional loads. During mastication, the PDL supports the tooth and holds it in place and protects the alveolar bone and tooth root from damage 11) . The PDL, cortical bone, and spongy bone were modeled around the tooth root. Thicknesses of the PDL, lamina dura, and cortical bone were assumed to be 0.2 mm, 0.3 mm, and 2 mm respectively (Fig. 3 ), according to average anatomical dimensions of the bone given in literature data 5, [12] [13] [14] .
Endodontic access cavity preparation
At the cervical region (cementoenamel junction, CEJ) on the solid model of mandibular second molar tooth, the tooth crown was removed to simulate a complete loss of coronal tooth structure. Post space preparation for the prefabricated post was 2/3 of the length of the distal canal for the main post and 1/3 of the length of the mesial canal for the secondary post. Since a prefabricated post could not exactly follow the shape of the root cavity, zinc phosphate cement was used to fill up the remaining post space. For cast post space preparation, any undercuts on the pulp cavity walls were removed. The cast post was modeled such that it adequately fit the root cavity. Crowned and endodontically treated teeth are subjected to stress in the cervical region. For this reason, a cervical ferrule was placed to increase the fracture resistance of endodontically treated molar tooth by distributing loading stresses over a larger area of the remaining tooth structure 6, 15) .
Material properties
Thickness of zinc phosphate cement layer in restored molar tooth was estimated to be only about 0.03 mm 4) , and the Young's modulus of zinc phosphate cement was close to that of dentin 16) . Therefore, the cement layer between post and dentin and between core and crown was not included in all the 3D models representing the restored molar tooth 4, 17) , since it was considered to have negligible adverse effect on interfacial stress.
To simplify the models, all the materials used in this study were assumed to be homogeneous, isotropic, and linearly elastic. Their Young's modulus and Poisson's ratio 18) values are shown in Table 1 .
Mesh generation
Occlusal loading was simulated by applying a uniform load of 10.43 MPa as a stress vector at an angle of 45° to the tooth longitudinal axis 19, 20) . This corresponded to a load of 240 N being uniformly distributed over a surface area of 23 mm 2 of the molar tooth. All models were assumed to be fixed at the mesiodistal cross-section of alveolar bone, with no rotation or translation allowed in any direction (Fig. 4) . Mesh generation was done using 10-node tetrahedral elements with quadratic displacement shape functions and three degrees of freedom per node 6, 11) . In view of the different model components -an intact tooth versus a restored tooth with prefabricated post or cast post, element size accuracy was checked to ensure that accurate FE meshes were generated. After a review of the Von Mises stress distribution patterns obtained through mesh convergence testing, element size for intact tooth was defined to be 0.8 mm. For endodontically treated tooth with root canal therapy (RCT), the element sizes were defined to be 0.8 mm for RCT tooth with prefabricated post and 0.9 mm for RCT tooth with cast post (Fig. 5) . It was also assumed that all component parts were bonded, and bonding was achieved by merging nodes at the bonded areas with compatible mesh 2, 10, 18) .
Finite element analysis (FEA) simulation configurations
In the present study, five configurations were defined to simulate four different RCT cases using different crown materials and post systems, and an intact molar tooth being used as a reference model.
Effect of prefabricated post material on stress
In the first FEA configuration, the effect of post material of parallel prefabricated posts on stress in RCT tooth was investigated (Fig. 5b) . Three types of prefabricated post materials were selected for this study and listed in ascending order of their elastic moduli (Table 1) : gold alloy, titanium, and nickel chromium (Ni-Cr) alloy.
Composite core and porcelain crown were used for this configuration. Diameters of the main post and secondary post were 1.4 mm (D1.4) and 1 mm (D1) respectively (Fig. 6b) . The main post was extended apically to 2/3 of the root length (7.5 mm), and the remaining length was embedded in the core (4 mm). The secondary post was extended apically to 1/3 of the root length (3.75 mm), and the remaining length was embedded in the core (2 mm).
Effect of cast post material on stress
In the second FEA configuration, the effect of post material of cast posts on stress in RCT tooth was investigated. Similarly, the three types of cast post materials selected were gold alloy, titanium, and Ni-Cr alloy. Other conditions similar to those of the first FEA configuration were used here. However, the shape of cast post was modeled such that it could exactly follow the root cavity (Fig. 5c ).
Effect of crown material on stress
In the third FEA configuration, the effect of crown material on stress in RCT tooth restored with parallel prefabricated titanium post was investigated (Figs. 5b and 6b). Three types of crown materials were selected for this study and listed in ascending order of their elastic moduli (Table 1) Linear static FEA Linear static structural analysis was performed to calculate stress distributions for the different restoration configurations and intact tooth. Stress distribution and magnitude were computed according to Von Mises energetic criterion and for tensile stress.
Von Mises stress, which is always positive in sign and depends on the whole stress field, is widely used in dental literature as an indicator of the average stress level in a restored structure. However, Von Mises stress does not distinguish between tensile or compressive stress 5, 6) . Although the present study was not focused on predicting the failure of a restored tooth, tensile stress distribution was also investigated. Tensile strength of dentin is considerably less than its compressive strength. Therefore, it sufficed to ensure that tensile stress in the remaining root structure did not exceed the tensile strength of dentin.
RESULTS
The primary focus of simulation results was on Von
Mises stress at CEJ and at the post-dentin interface. To show the distributions of Von Mises stress and tensile stress in residual dentin, stress was visualized using color images of geometrical models as shown in Figs. [8] [9] [10] [11] [12] . A dark blue area represents an unstressed region, whereas a red area represents a maximally stressed region.
Effect of prefabricated post material
In Table 2 , it could be seen that the maximum Von Mises stress values were apparently different from the maximum tensile stress values. At post-dentin interface, maximum stress increased with increase in the elastic modulus of prefabricated post material. Figure 8 shows the Von Mises stress distribution at post-dentin interface, while Fig. 9 shows that of tensile stress distribution. Table 3 shows that cast posts induced high Von Mises stresses at the post-dentin interface. Maximum stress at post-dentin interface increased with increase in the elastic modulus of cast post material. On the contrary, maximum stress at CEJ decreased slightly with increasing elastic modulus of cast post material. Figure  10 shows the tensile stress distribution at post-dentin interface. Table 4 shows that increase in the elastic modulus of crown material caused an increase in maximum Von Mises stresses at both the CEJ and post-dentin interface. Distinctly higher Von Mises stresses were generated at CEJ for each type of crown material, with the intensities of these maximum stresses shown in Fig. 11 .
Effect of cast post material
Effect of crown material
In the absence of a coronal restoration, the Von Mises stress distribution of an intact tooth under simulated occlusal loading is shown in Fig. 12 . Maximum Von Mises stress was found to be 27.8 MPa at CEJ. Maximum tensile stress was found to be 22.7 MPa.
Effect of post geometry
Figure13 illustrates the influence of post geometry on maximum stress in residual dentin. Maximum stress generated in residual dentin changed according to the diameter and shape of prefabricated posts.
DISCUSSION
In this study, FEA was used to investigate the mechanical response to functional loading of endodontic restorations based on prefabricated metallic posts and cast posts. The influences of crown material, post material, and post geometry on stress development in endodontically treated teeth were thus evaluated. FEA results showed that use of prefabricated posts with a composite resin core reduced stress concentration at the post-dentin interface, but increased stress concentration at CEJ regardless of post material. The negligible influence of post material on stress concentration agreed with some studies 10, 15, 21) which reported that post material had only a minor influence on stress development in remaining tooth structure. On stress distribution patterns, our result was consistent with the FFA findings of Okada et al. 13) on stress distribution in anterior teeth. There were no differences in the magnitude of Von Mises stress among the different post materials at the cervical area and apex of the root, but stress level at the cervical area was higher than at the root apex around the end of posts.
Cast Ni-Cr alloy post induced high Von Mises stress at the post-dentin interface. This was due to a significant mismatch in elastic modulus between Ni-Cr alloy and dentin. On the other hand, use of cast gold alloy post caused a reduction in stress at post-dentin interface when compared to cast titanium and Ni-Cr alloy posts. A cast post usually fits the root cavity in the most adequate way since it can exactly follow its shape. Therefore, maximum Von Mises stresses caused by cast post restorations in residual dentin are clearly comparable to those in the natural tooth when subjected to functional loading. This advantageous phenomenon is further fuelled by cast posts made of lower-elastic modulus materials. This explained why the maximum Von Mises stress of cast gold alloy post in residual dentin at the cervical region (28.3 MPa) was close to that in natural tooth (27.8 MPa) when subjected to simulated occlusal loading.
Comparison of Von Mises stress distributions and magnitudes revealed strikingly different mechanical behaviors between cast posts and prefabricated posts. When cast posts were made from materials with low modulus of elasticity such as gold alloy and titanium, they caused a significant reduction in stress at CEJ but produced unfavorable stress on post-dentin interface. Conversely, prefabricated posts produced high stress at CEJ. This result was consistent with the finding of Pierrisnard et al. 15) , in that a Ni-Cr post and composite core combination generated more cervical stress than a cast post and core.
Coronal restoration with a crown material of high elastic modulus led to high stress concentration at CEJ. Conversely, low-elastic modulus crown materials produced more homogeneous stress distributions at CEJ. This result was consistent with the findings of Pegoretti et al. 4) , who found that stresses at the cervical region could be lowered using crown materials with lower modulus of elasticity.
FEA results also revealed that the maximum stress values in restored teeth were insensitive to post diameter and type. On the one hand, this result was supported by the findings of Genovesea et al. 21) ; on the other hand, this result contradicted that of Asmussen et al. 5) which stated that stress generated in restored teeth was reduced with increasing post diameter.
The tensile strength of dentin is 105.5 MPa 19) . Maximum tensile stress values yielded in the remaining root structure of all the models in this study did not exceed the tensile strength of dentin.
To date, a survey of published literature yielded no consensus on the effects of crown material, post material, and post geometry on stress in endodontically treated teeth. Some studies suggested that flexible restorative materials with low elastic moduli would improve the reliability of the restorative system 4, 22) , whereas others proposed that stiffer materials with higher elastic moduli would reduce stress concentration 5, 15) . And in some other studies, it was shown that restorative materials had no 
